We have studied by angle-resolved photoelectron spectroscopy the ordered XCu 2 surface alloys formed by X = Sb and Bi on a Cu͑111͒ substrate. We found clear analogies with the corresponding XAg 2 alloys formed by the same elements on Ag͑111͒. The electronic states near the Fermi level are similarly split by the spin-orbit ͑SO͒ interaction with the smaller splitting in XCu 2 reflecting the smaller atomic SO parameter of Cu vs Ag. The charge transfer from the Bi and Sb adatoms to the substrate atoms and their outward relaxation are different for two substrates; both determine the Fermi energy of the two-dimensional electron gas.
I. INTRODUCTION
In three-dimensional solids the degeneracy of opposite spin states is removed by the spin-orbit ͑SO͒ interaction for space groups lacking an inversion center. At surfaces, on the other hand, the lifting of the spin degeneracy is intrinsically allowed by the structural inversion asymmetry along the surface normal. The possibility of an in-plane asymmetry is usually not considered but recent results on binary surface alloys have reported energy and wave-vector separations much larger than found in either of the constituents. 1, 2 This has been substantiated by a model approach 3 and by firstprinciples calculations. 2, 4 The coexistence of a normal and an in-plane component of the surface-potential gradient yields an unmatched splitting, which is supported by the strong confinement of the electronic wave functions at the interface.
Surface alloys formed by p metals ͑Sb, Pb, and Bi͒ on Ag͑111͒ have been recently studied by angle-resolved photoelectron spectroscopy ͑ARPES͒. The splitting increases with the atomic number Z of the constituents from Sb ͑Ref. 5͒ to Bi. 2 This confirms the major role played by the atomic SO parameter in determining the strength of the splitting, predicted by theoretical arguments, 6, 7 and illustrated by experimental work on clean noble-metal surfaces. [8] [9] [10] Concerning the substrate, among noble metals the largest effect would be expected for Au, whose large SO interaction is evidenced by the splitting of its Shockley surface state but the herringbone surface reconstruction of Au͑111͒ seems to prevent alloy formation.
In order to assess the influence of the substrate on the surface electronic structure, we set out to study the Sb/ Cu͑111͒ and Bi/Cu͑111͒ surface alloys. At 1/3 monolayer ͑ML͒ coverage both Bi and Sb form on Cu͑111͒-like on Ag͑111͒ ͑Refs. 5 and 11͒-one-layer-thick alloys with a ͑ ͱ 3 ϫ ͱ 3͒R30°structure. The stoichiometry is XCu 2 ͑X =Sb and Bi͒. [12] [13] [14] [15] Hence, the electronic structures of the BiCu 2 and SbCu 2 systems lend themselves to a direct comparison with those of their sister compounds on Ag͑111͒. In contrast, Pb on Cu͑111͒ does not form a long-range-ordered alloy with 1/3 ML coverage 16 and is therefore not considered here.
The results for surface alloys published so far are interpreted in terms of the Rashba-Bychkov model. 17 The band structure of an ideal two-dimensional electron gas ͑2DEG͒ around the ⌫ point ͑k ជ ʈ =0͒ of the surface Brillouin zone ͑BZ͒ within this framework is shown in Fig. 1 . A cut along a line through ⌫ gives a characteristic dispersion of two split parabolas,
in which we define k 0 = ␣ R m Ã / ប 2 as the momentum offset of the band maximum. The Rashba energy E R is given by the energy difference between E͑k 0 ͒ and the crossing point at ⌫ , E 0 . The Rashba parameter ␣ R , which is proportional to the potential gradient, is the SO-coupling constant in the Hamiltonian and can be expressed as ␣ R =2E R / k 0 . Although this simple scenario does not capture important details of the ARPES data, [2] [3] [4] it allows an immediate comparison of the splitting in different materials. The parameter ␣ R should be considered as a measure of the effective electric field in the surface layer, accounting for both the in-plane and the perpendicular potential gradients.
The band dispersion sketched in Fig. 1 can be divided in two qualitatively different regions, depending on the position of the Fermi level E F with respect to the crossing point E 0 . If E F lies below E 0 , in region II, the Fermi energy is larger than the Rashba energy ͑E F Ͼ E R ͒, with energies being measured from the band maximum. A constant energy cut identifies two surfaces of opposed spin helicity and the density of states ͑DOS͒ does not differ from that of the case without SO coupling. If E F lies in region I the Fermi level is between the band maximum and E 0 , leading to E R Ͼ E F . Here, the two surfaces have identical helicity and the DOS switches to a 1 / ͱ E behavior. 18, 19 Moreover, the ratio E R / E F cannot be regarded as a "small parameter" in the usual perturbative description of the interacting electron liquid, since E R / E F Ͼ 1, with anomalous consequences on quasiparticle properties. 18, 20 In Bi/Ag͑111͒ the band is fully occupied and therefore E F is not defined while in Pb/Ag͑111͒ the Fermi level is located in region II. A gradual shift into region I has been achieved in a mixed Bi x Pb 1−x / Ag͑111͒ alloy 21 but the surface preparation is complex and introduces chemical disorder. Due to the substrate-dependent relaxation and charge transfer at the interface, replacing Ag͑111͒ by Cu͑111͒ may offer an interesting opportunity of shifting the Fermi level across the band.
II. EXPERIMENTAL DETAILS
A clean ordered Cu͑111͒ surface was prepared by repeated cycles of Ar + sputtering and annealing at 800 K.
Evaporation on the hot substrate ͑T Ͼ 400 K͒ of 1/3 monolayer of Sb or Bi from a Knudsen cell yields an ordered ͑ ͱ 3 ϫ ͱ 3͒R30°structure. Both Bi and Sb occupy substitutional sites on Cu͑111͒ at 1/3 monolayer coverage. The stacking of the mixed surface layer is preferentially hcp for Sb ͑Refs. 13 and 22͒ and fcc for Bi. 12 In both cases the surface BZ is hexagonal with ⌫K = 0.95 Å −1 and ⌫M = 0.82 Å −1 . The quality of the surface was verified by lowenergy electron diffraction ͑LEED; Fig. 2͒ .
ARPES measurements were performed with a highbrightness monochromatized helium lamp and a highresolution hemispherical analyzer ͑Gammadata R4000͒. The energy resolution was 3 meV and the angular resolution 0.3°. For low-temperature measurements, the surface was repeatedly "refreshed" by a mild annealing ͑T Ӎ 400 K͒. split. The splitting is extremely small for both substrates but it has been experimentally resolved for Sb/Ag͑111͒. 5 By analogy with the case of BiAg 2 , A and B are known to have mainly sp z and p x p y character, respectively. 4 The Bi alloys ͑right panels͒ indeed present a similar band structure but with a sizable splitting. The sp z states consist of two replicas, which are actually more visible in the second BZ. The p x p y bands cannot be clearly identified in these large-scale maps. The band dispersion shows a minimum in correspondence of the M point, which is a saddle point, as already shown explicitly for the case of Pb/Ag͑111͒. 1 The data on the Sb alloys, where bands A and B have more similar intensities with respect to their Bi counterparts, allow the saddle point to be assigned to the p x p y states, rather than to the sp z band, as suggested elsewhere. 4, 23 Free-electronlike bands associated with Cu ͑Ag͒ bulk 4s͑5s͒ states, dispersing in the second BZ, together with fainter replicas in the first BZ, are observed in all four ARPES maps. An analysis of Fig. 3 reveals two relevant differences. ͑i͒ In the top panels, the Fermi level lies below the band maximum and below the crossing point of the split sp z bands, i.e., in region II of Fig. 1 . In contrast, it is always in region II of the p x p y states for the Ag alloys but above the band maximum for the sp z states. ͑ii͒ Considering the Bi alloys, the splitting is strongly reduced in ͑b͒ BiCu 2 with respect to ͑d͒ BiAg 2 .
III. RESULTS AND DISCUSSION

ARPES intensity maps of the
The observed differences in the relative energy position of the Fermi level follow the charge transfer in the topmost layer. In Table I , we present results of our first-principles calculations for three of the investigated alloys. For the structure determination we use the Vienna ab initio simulation package. The semi-infinite surface system is simulated by a slab, where the atom positions can be relaxed both in-plane and in the perpendicular directions. First, the optimum in-plane lattice constant is calculated for an uncovered Ag slab. In a second step, for the system with the alloyed topmost layer, both the adatoms and the substrate atoms are allowed to relax in the so-determined two-dimensional unit cell. As to the band-structure calculation, in our selfconsistent Korringa-Kohn-Rostoker ͑KKR͒ approach we used the Perdew-Wang exchange-correlation potential, 24 computed within muffin-tin spheres. Details are discussed elsewhere. 25 The charge transfer ⌬n is determined from the charges Z mt inside the muffin-tin spheres and is defined as ⌬n = Z − Z mt , where Z is the atomic number. Therefore it is positive for a displacement of electronic charges from the alloy layer to the substrate layers and to the vacuum. The results computed around the noble-metal atoms show negligible variations with respect to the nominal atomic charge and are not reported in Table I . Whereas there is no general agreement among the published values of the relaxation for the three compounds, the trend of increasing relaxation from SbAg 2 to BiAg 2 to BiCu 2 is established in both experiment and theory, and in accordance with our findings. Sb/Ag͑111͒ shows the smallest relaxation and consequently the charge transfer from the adatoms is comparatively low. As a result, the Fermi energy is located clearly above the band maximum for the sp z states. For Bi/Ag͑111͒, the relaxation is slightly larger than for Sb/Ag͑111͒, which may be attributed to the larger atomic radius of Bi as compared to Sb. In this case, our calculation probably underestimates the actual relaxation, and this would explain the slightly too large binding energy of the sp z bands found in our approach, since a larger outward relaxation would shift the sp z states toward the Fermi level. 4 Due to the smaller lattice constant of Cu as compared to Ag, the relaxation for Bi/Cu͑111͒ is considerably increased. The strong charge transfer shifts the sp z states even further in energy and the Fermi level lies clearly in region II. In summary, we observe a correlation between the trends shown by relaxation, charge transfer, and the relative position of the Fermi level in the surface alloys.
A closeup of the interface bands around ⌫ is shown in Fig.  4 for ͓͑a͒ and ͑c͔͒ Sb/Cu͑111͒ and ͓͑b͒ and ͑d͔͒ Bi/Cu͑111͒ in the ͓͑a͒ and ͑b͔͒ ⌫ K and ͓͑c͒ and ͑d͔͒ ⌫ M directions. In the SbCu 2 maps three high-intensity features crossing the Fermi level can be identified and labeled with increasing numbers for increasing values of the Fermi vector k F . The two at smaller k have negative effective masses and form hole pockets at ⌫ . As anticipated, by analogy with Sb/Ag͑111͒ it can be inferred that each one of these consists in fact of a pair of unresolved components ͑"1-2" and "3-4"͒. The additional feature ͑"5"͒ near the image edges, at k x Ӎ Ϯ 0.4 Å −1 and k y Ӎ Ϯ 0.35 Å −1 , is a replica of the bulk Cu 4s band, backfolded by the ͑ ͱ 3 ϫ ͱ 3͒R30°potential. For BiCu 2 four features can be observed ͓the umklapp signal 5 is too weak to be visible in ͑d͔͒. The splitting of the outer set ͑3-4, at k x Ӎ Ϯ 0.28 Å −1 and k y Ӎ Ϯ 0.31 Å −1 ͒ is still too small to be detected but the inner set appears as two distinct bands, clearly distinguishable. The dashed parabolas superimposed to the images, crossing the Fermi level at k x = k y = Ϯ 0.27 Å −1 , indicate the edges of the surface-projected L gap in the bulk band structure, which shows up as a region of low intensity in the ARPES maps. The external ͑large k F ͒ branches of set 1-2 in BiCu 2 ͓Figs. 4͑b͒ and 4͑d͔͒ are only visible inside the projected gap. Their intensity drops dramatically after crossing the gap boundaries, whereas the internal ͑small k F ͒ branches are still well visible outside the gap.
Even though for the Cu alloys region I of Fig. 1 cannot be accessed by photoemission, the large 1 / ͱ E slope of the DOS above the crossing point, discussed in the introduction, makes it possible to identify the band maximum by scanning tunneling spectroscopy ͑STS͒. 19 An STS investigation of the Bi/Cu͑111͒ surface ͑shown in Fig. 5͒ locates the maximum at TABLE I. Relaxation, charge transfer for the Sb͑Z =51͒ and Bi͑Z =83͒ adatoms in the surface alloys, and binding energy E͑sp z ͒ of the sp z band maximum relative to the Fermi-level position, obtained from our first-principles calculations. The relaxation is given in units of the interlayer distance in the substrate's bulk and ⌬n is the charge transfer from the adatom ͑Bi and Sb͒ to the surrounding, in units of the electron charge.
Alloy
Relaxation 17 ϳ0.23 eV above the Fermi level. This can be used as input value for the fit of the data of Figs. 4͑b͒ and 4͑d͒. The best fit to the measured band dispersion is obtained for m Ã Ӎ −0.27m e and k 0 Ӎ 0.03 Å −1 , which yields E R Ӎ 15 meV and ␣ R Ӎ 1 eV Å. We estimate for these values a quite large error bar of 20% because of the deviation from a parabolic dispersion and also because the two external branches of the band set are clearly visible only within a small ͑Ͻ200 meV͒ energy window, as discussed above.
The relevant quantities inferred from the data for the four alloys are summarized in Table II , limited to the sp z bands.
Considering the wave-vector offset k 0 , the measured SO splitting is about four times smaller for the Cu alloys, within the accuracy of our data and fitting. Although the presence of only two data points does not allow a definitive quantitative conclusion on the role played by the substrate atoms, we point out that the trend shown by the splitting size follows that of the SO parameter of the two substrates ͓ 4p ͑Cu͒ = 0.03 eV vs 5p ͑Ag͒ = 0.11 eV͔. 27, 28 It is actually reasonable that the strengths of the atomic SO interactions of both the substrate and the adsorbate are relevant for the final splitting since the wave functions are distributed over the entire surface-alloy layer, i.e., not exclusively located at Bi or Sb sites. Table III shows the calculated spectral weight of the sp z states at the ⌫ crossing point, projected on the ͑Ag, Cu͒ sites, in the surface and the next subsurface layers. The relative weights N at the substrate atoms, normalized to the spectral weight at the ͑Bi, Sb͒ adatoms ͑=100%͒, are reported for the different layers s. In the bulk band gap, the spectral density computed within the KKR method can be safely associated with the sp z bands. For all the considered systems the wave functions are strongly localized in the topmost layer, i.e., in the alloy layer while the subsurface sites carry altogether at most 22% of the spectral weight present at the adatom sites. This would point toward a negligible effect of the atomic SO coupling of the substrate atoms. However, the substrate atoms in the surface layer carry a considerable charge, e.g., more than 80% for Ag in SbAg 2 and this justifies the substrate-atom contribution to the band splitting.
A closer inspection of the Fermi surfaces shows the effect of the lattice potential on the band structure, which deviates TABLE II. Characteristic quantities inferred from the surface-band dispersion of the four alloys, by columns: ͑1͒ effective mass m Ã , ͑2͒ wave-vector offset k 0 , ͑3͒ Rashba energy E R , ͑4͒ Rashba parameter ␣ R , ͑5͒ ⌫K distance, and ͑6͒ Fermi vector k F ͑two values are given for the two spin-split states͒. ‫ؠ‬ indicates values below the sensitivity of our measurements. For Sb/Cu, the value of m Ã is missing since the band maximum is unknown in lack of STS data or calculations. from the circular shape typical of a nearly free-electron band. In SbCu 2 ͓Fig. 6͑a͔͒ the Fermi surface consists of two hexagons both nearly degenerate and offset by 30°with respect to each other ͓bands 1-2 and 3-4 in Figs. 4͑a͒ and 4͑c͔͒ . The inner hexagon, corresponding to the 1-2 bands, has the same orientation as the BZ, in agreement with what found for SbAg 2 . 5 Around the two hexagons, the backfolded Cu 4s band forms a David-star shape, similar to the case of a Xe monolayer on Cu͑111͒. 29 In BiCu 2 ͓Fig. 6͑b͔͒ once again the outer hexagon ͓bands 3-4 in Figs. 4͑a͒ and 4͑c͔͒ cannot be resolved in its two components, whereas the inner, nearly circular Fermi-surface sheet, appears clearly split ͓bands "1" and "2" in Figs. 4͑b͒ and 4͑d͔͒, as expected from the simple picture of Fig. 1 .
IV. CONCLUSIONS
We have presented an ARPES investigation of the Bi/ Cu͑111͒ and Sb/Cu͑111͒ surface alloys and have carried out a comparison with the recent results obtained on the equivalent alloys on Ag͑111͒. The distinctive features of the band structure are common to all four systems. The size of the spin splitting is smaller in the Cu alloys than in the Ag alloys and vanishingly small for Sb/Cu͑111͒. The relative decrease observed between Bi/Ag͑111͒ and Bi/Cu͑111͒ is in fair agreement with the reduction in the atomic spin-orbit parameter between the two substrates. At variance with the Ag͑111͒ counterparts, the Fermi level is located in the region below the crossing point of the split bands. 
